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MonolayerIn order to gain an insight into the mechanism of antimicrobial peptide action, aurein 2.5 and modelin-5 were
studied. When tested against Staphylococcus aureus, aurein 2.5 showed approximately 5-fold greater efﬁcacy
even though the higher net positive charge and higher helix stability shown by modelin-5 would have pred-
icated modelin-5 to be the more effective antimicrobial. However, in the presence of S. aureus membrane
mimics, aurein 2.5 showed greater helical content (75% helical) relative to modelin-5 (51% helical) indicative
of increase in membrane association. This was supported by monolayer data showing that aurein 2.5
(6.6 mN m−1) generated greater pressure changes than modelin-5 (5.3 mN m−1). Peptide monolayers
indicted that modelin-5 formed a helix horizontal to the plane of an asymmetric interface which would be
supported by the even distribution of charge and hydrophobicity along the helical long axis and facilitate
lysis by non-speciﬁc membrane binding. In contrast, a groove structure observed on the surface of aurein
2.5 was predicted to be the cause of enhanced lipid binding (Kd=75 μM) relative to modelin-5
(Kd=118 μM) and the balance of hydrophobicity along the aurein 2.5 long axis supported deep penetration
into the membrane in a tilt formation. This oblique orientation generates greater lytic efﬁcacy in high anionic
lipid (71%) compared to modelin-5 (32%).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
α-Helical antimicrobial peptides (α-AMPs), show great potential
for development as novel antibiotics. These peptides are a crucial
component of innate immune systems and kill a remarkable diversity
of microbes, including those with multiple drug resistance [1,2]. The
selectivity of AMPs for a particular membrane is thought to be due
to the differences in the outer surface which is the ﬁrst barrier the
peptide encounters and which the AMP needs to transverse in order
to access the cytoplasmic membrane [3]. In both Gram-positive and
Gram-negative bacteria this protective layer is composed of peptido-
glycan, although Gram-positive bacteria also contain teichoic and
lipoteichoic acids, whereas Gram-negative bacteria contain a highly
complex lipopolysaccharide (LPS). Following uptake the peptide
binds and then inserts into the bacterial membrane leading to lysis
and cell death. Several models for the invasion, permeabilization
and lysis of microbial membranes by α-AMPs have been proposed
and four major models of membrane interaction have been used tolar dichroism; CL, cardiolipin;
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l rights reserved.describe their function [4]. In the barrel-stave model, the peptides ini-
tially bind electrostatically to the head-group region of the membrane
lipids, and align parallel to the bilayer surface [5]. Binding is followed
by an immediate re-alignment of the peptides to an orientation per-
pendicular to the plane of the membrane creating a transmembrane
pore [5]. The toroidal pore model is similar to the barrel stave
model; however, after peptide accumulation at the bilayer interface,
a threshold concentration is reached that induces a positive curvature
strain at the membrane surface. According to the carpet model, which
is essentially multiple uses of the toroidal pore model, the α-AMPs
bind to the target membrane surface by adsorption to the head-
group region of the lipid membrane, covering it in a carpet-like
manner [5,6]. This creates numerous toroidal pores that coalesce for-
ming ‘islands’ in the membrane, ultimately leading to membrane
micellization and microbial cell lysis. Finally, the Shai, Huang and
Matsuzaki model that incorporates aspects of the carpet model, pro-
poses that “carpeting” of the microbial membrane with α-AMPs,
leads to the displacement of membrane lipid, with alterations to
membrane structure resulting in either the internalization of these
AMPs or microbial membrane destruction and pore formation even-
tually leading to cell leakage and cell death [7].
In each of the models described above, it is generally assumed that
the AMPs involved in membrane interaction are highly ordered, heli-
cal and at least initially, are orientated perpendicularly to the plane of
the membrane. However, recent computational studies suggest that
some AMPs may orientate at the membrane in a tilt geometry of
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ber of AMPs [9], for example aurein 1.2 and citropin 1.1 where, NMR
and CD have shown that both peptides inserted into the membrane
using an α-helix in a tilted orientation [10]. It is thought that the
adoption of these oblique structures could induce membrane lysis
[10–12] by the destabilization of lipid packing [13,14] due to the
angled penetration of the peptide into the membrane hydrophobic
core [15]. This angled penetration would enable hydrophobic
mismatch to occur where the peptide tilt causes the lipids to distort
their acyl chains by stretching or by compression to match with the
peptide molecular architecture [16]. Researchers [16,17] have shown
that a dominant factor in determining the angle of tilt is positive
mismatch and studies have shown that the molecular architecture
is important for this function but to date there have been few
comparative studies to investigate the impact of oblique orientation
on efﬁcacy. In the present study, aurein 2.5 (GLFDIVKKVVGAFGSL-
CONH2) which is naturally C-terminally amidated and produced by
the dorsal gland of the Australian Green frog Litoria caerulia and
Golden Bell frog Litoria aurea [18], is compared to modelin-5
(KLAKKLAKLAKLAKAL-CONH2), a synthetic C-terminally amidated
AMP [19]. These peptides are known to have activity against a variety
of prokaryotic organisms [18–20] with the data implying that the for-
mer has the potential to function in an oblique manner. In contrast,
modelin-5 isoforms have been predicted to form an amphiphilic α-
helical structure which lies horizontally to the plane of the membrane,
and so only supports shallow penetration into the hydrophobic core
of the lipid interior [21] as is expected of the carpet mechanism.
2. Materials and methods
2.1. Materials
All phospholipids were purchased from Enzo Life Sciences (UK) and
used without further puriﬁcation. Aurein 2.5 and modelin-5 were syn-
thesized by Pepceuticals (Leicestershire, UK) to purity greater than
95%. All buffers were prepared using ultra-pure water (resistivity≈
18MΩ cm−1). The phospholipids dioleoylphosphatidylethanolamine
(DOPE) and dioleoylphosphatidylglycerol (DOPG), E. coli cardiolipin
(CL) and ﬂuorescein-phosphatidylethanolamine (FPE) were supplied by
Avanti Polar Lipids (Alabaster, Alabama) and were used without further
puriﬁcation. Solvents were obtained from VWR (HPLC grade) and all
other regents were purchased from Sigma-Aldrich (UK).
2.2. Antimicrobial activity of aurein 2.5 and modelin isoforms
Cultures of S. aureus (NCIMB 6571) which had been freeze-dried
in 20% (v/v) glycerol and stored at −80 °C, were used to inoculate
nutrient agar plates, which were incubated at 37 °C for 48 h. The bac-
terial samples were then used to inoculate universal tubes containing
nutrient broth, which were incubated overnight at 37 °C until the ex-
ponential phase was reached. The cell cultures were then centrifuged
at 15,000 g at 25 °C for 15 min using a bench top centrifuge and the
resulting pellet washed twice in 1/4 strength Ringer's solution. The
resulting pellet was then re-suspended in 1 ml Ringer's solution. A se-
ries of 1 ml peptide concentrations was prepared by the double dilu-
tion method, ranging from 0 to 500 μM. Each series was inoculated
with 20 μl of each test bacterial suspension and incubated at 37 °C
for up to 48 h. The suspensions were then streaked onto nutrient
agar plates and incubated 37 °C for 48 h.
2.3. Theoretical analysis
Aurein 2.5 and modelin-5 were analyzed using extended hydro-
phobic moment plot methodology [22]. According to this methodolo-
gy, the hydrophobicity of successive amino acids in these sequences
were treated as vectors and summed in two dimensions, assuming anamino acid side chain periodicity of 100°. The sum of these vectors, the
hydrophobic moment, μH, provided a measure of α-helix amphiphilicity
[23]. Our analysis used a moving window of 11 residues and for each
sequence under investigation, thewindowwith the highest hydrophobic
moment was identiﬁed. For these windows, themean hydrophobic mo-
ment, bμH>, and the corresponding mean hydrophobicity, bH0> were
computed using the normalized consensus hydrophobicity scale of
Eisenberg et al. [24]. For each of these datasets, these parameters were
then plotted on the extended hydrophobic moment plot diagram of
Harris et al. [22]. The primary structures of aurein 2.5 and modelin-5
were represented as two-dimensional axial projections according to
Schiffer et al. [25] using WinPep v 3.0 software [26].
2.4. Secondary structure determination by circular dichroism (CD)
spectroscopy
CD experiments were performed using a J-815 spectropolarimeter
(Jasco, UK) to investigate the secondary structure of aurein 2.5 and
modelin-5 isoforms. Samples were prepared by dissolving the peptide
in 50% 2, 2, 2-triﬂuoroethanol/ phosphate buffered saline (TFE/PBS)
buffer to a ﬁnal concentration of 60 μM. CD experiments were also
performed at peptide/lipid ratio of 1:100. Total lipid extracts were
dissolved separately in chloroform and dried under N2 gas. The lipid
ﬁlm was rehydrated using 1× PBS pH 7.5 for an hour or until the solu-
tion was no longer turbid. The lipid suspension was diluted 10 fold
using PBS. Peptide–lipid samples were prepared by adding the stock
peptide solution (ﬁnal concentration 0.1 mgml−1) to the measured
volume of lipid suspension to obtain the desired peptide:lipid molar
ratio before being mixed thoroughly. The samples were then analyzed
at 20 °C using a 10 mm path-length cell over a wavelength ranging
from 260 to 180 nm at 100 nm/min, with a 1 nm band width, and a
data pitch of 0.5 nm. For all spectra acquired, four scans were added
and averaged, followed by subtraction of the CD signal of the sample
buffer. In the thermal peptide stability experiments the samples were
prepared as described about in 50% TFE and measured between 10 °C
and 80 °C. The helicity of the peptides was estimated from the mean
residue ellipticity at 222 nm according to as previously described by
Forood et al. [27].
2.5. Surface activity of aurein 2.5 and modelin-5 isoforms
Surface activity experiments were performed in a Teﬂon 15 cm2
trough at 21±1 °C equipped with a Wilhelmy plate. Increasing vol-
umes of 2 mM peptide in 10 mM Tris pH 7.5 were injected into a
10 mM Tris pH 7.5 subphase through a sample hole using a Hamilton
microsyringe. The adsorption of peptide at the air/water interface was
monitored by increases in surface pressure for 60 min. Pressure-area
isotherms were also performed on a Langmuir ﬁlm balance (NIMA
601M, Biolin Scientiﬁc/KSV NIMA, UK) equipped with Derlin move-
able barriers and a Wilhelmy plate. At 21±1 °C, 1.79×1015 mole-
cules of peptide (in methanol) were spread onto a 10 mM Tris
buffer subphase pH 7.5. After allowing 30 min for stabilization, the
monolayer was compressed at a rate of 0.27 nm2 min−1. The ﬁlm
was compressed until collapse pressure had been observed. Each
run was repeated 6 times.
2.6. Insertion of aurein 2.5 and modelin-5 isoforms into lipid monolayers
The insertion of the peptide into bacterial lipid extract [20] and
lipid monolayers was investigated using an 80 ml 601M Langmuir
Teﬂon trough. Surface pressure (π) was measured using a Wilhelmy
wire attached to a microbalance. Lipid monolayers of either S. aureus
lipid mix (43% CL 57% DOPG), DOPG, DOPE, DOPE:DOPG ratios 1:10,
1:20, 1:50 or 1:100 were formed by spreading chloroformic lipid so-
lutions onto a 10 mM Tris buffer pH 7.5 subphase. After spreading,
the solvent was allowed to evaporate off the subphase surface over
Table 1
Properties of aurein 2.5 and modelin-5. MLC (μM), binding coefﬁcient (μM) and per-
centage helicity of aurein 2.5 and modelin-5.
Peptide MLC (μM)
S. aureus
Kd (μM)
S. aureus
Percentage helicity
TFE S. aureus
Aurein 2.5 30.30 75.25 60.9 74.7
Modelin-5 146.00 117.72 100 50.9
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10 cm2 min−1 to give a surface pressure of 30 mNm−1 which is
equivalent to that of the outer leaﬂet of a cell membrane [28]. After
the pressure and stabilization of the ﬁlmwas achieved, the barrier po-
sition was kept constant and the peptide was injected into the sub-
phase to give a ﬁnal peptide concentration of 4 μM in the subphase.
Pressure increases were recorded as a function of time. These exper-
iments were repeated 4 times.
Pressure-area isotherms of S. aureus lipid mix and the individual
lipid components were also performed on the 601M Langmuir Tef-
lon trough described above. At 21±1 °C, 2.5×1015 phospholipid
molecules were spread onto a 10 mM Tris buffer subphase. After
allowing 30 min for stabilization, the monolayer was compressed
at a rate of 0.22 nm2 min−1 until monolayer collapse pressure
was achieved. The ﬁlm was compressed until collapse pressure
had been observed. These experiments were then repeated in the
presence of either 4 μM aurein 2.5 or 8 μM modelin-5. Each run
was repeated 6 times.
To explore the thermodynamic stability of the S. aureus mono-
layers the Gibbs equation was applied to the isotherm data using
Eq. (1), where A1,2,3 is the molecular area occupied by the mixed
monolayer, A1, A2, and A3 are the area per molecule in the pure mono-
layers of components 1, 2, and 3, and X1, X2 and X3 are the molar frac-
tions of the components.
ΔGmix ¼ ∫A123− X1A1 þ X2A2 þ X3A3ð Þdπ ð1Þ
2.7. Binding of aurein 2.5 and modelin-5 isoforms to lipid vesicles
Unilamellar vesicles with a mean diameter of 0.1 μm were pre-
pared as previously described by Wall et al. [29], with the excep-
tion that 0.5 mol.% of ﬂuorescein-phosphatidylethanolamine (FPE)
was added to the organic solvent containing either DOPE, DOPG,
DOPE:DOPG ratios of 1:10, 1:20, 1:50 or 1:100 or S. aureus lipid
mix, before drying under vacuum for 5 h. The lipids were hydrat-
ed in 10 mM Tris–HCl pH 7.4 and 1 mM EDTA at a total lipid con-
centration 10 mg ml−1, freeze-thawed 5 times and extruded 11
times using a 0.1 μm polycarbonate ﬁlter using an Avanti polar
lipids mini-extruder apparatus. The LUVs were stored at 4 °C
under nitrogen gas. FPE-labeled LUVs were diluted to 65 μM and
ﬂuorescence was recorded using a FP-6500 spectroﬂuorometer
(JASCO, Tokyo Japan), with an excitation wavelength of 492 nm
and an emission wavelength of 516 nm. The excitation and emis-
sion slits were set to 5 nm and analyte sensitivity set to high.
The incorporation of the FPE label was checked using the method-
ology previously described by Wall et al. [29]. The ﬂuorescence
change upon the addition of 10 mM CaCl2 to FPE labeled vesicles
was recorded. Once the ﬂuorescence emission intensity had stabi-
lized, the ﬂuorescence change following the addition of 3.0 μM
calcimycin (A23187 calcium ionophore) was recorded. To investi-
gate the binding of peptide to lipid membrane mimics, aliquots
of each peptide (range 0 to 300 μM) were added to the FPE la-
beled LUVs and the ﬂuorescence monitored. The change in ﬂuo-
rescence (ΔF) of FPE labeled vesicles with addition of peptide
minus FPE labeled vesicles was plotted against peptide concentra-
tion and ﬁtted by non-linear least squares analysis using Eq. (2)
where [M] is the peptide concentration, ΔF is the ﬂuorescence
change, Fmax the maximum ﬂuorescence change and Kd the bind-
ing coefﬁcient
ΔF ¼ ΔFmax M½ 
Kd þ M½ 
ð2Þ2.8. Assay of calcein release from lipid vesicles by modelin-5 and
aurein 2.5
Phospholipids (7.5 mg) DOPE, DOPG, DOPE:DOPG ratios 1:10,
1:20, 1:50 and 1:100 were dissolved in chloroform and evaporated
off under a stream of nitrogen before further drying under vacuum
for 6 h to form a thin ﬁlm. The lipid ﬁlm was then hydrated with
1 ml of 5.0 HEPES containing 70 mM calcein. The suspension was
vortexed for 5 min before being sonicated for 30 min. The solution
then underwent 3 cycles of freeze-thawing. Liposomes were extruded
11 times through a 0.1 μm polycarbonate ﬁlter using an Avanti polar
lipids mini-extruder apparatus. Calcein entrapped vesicles were sep-
arated from free calcein by gel ﬁltration using a Sephadex G75 col-
umn (Sigma) which was rehydrated overnight in 20 mM HEPES,
150 mM NaCl and 1 mM EDTA. The column was eluted with 5 mM
HEPES pH 7.5.
The calcein release assay was performed by combining 2 ml
20 mM HEPES, 150 mM NaCl and 1.0 mM EDTA (pH 7.4), and 20 μl
calcein vesicles. The ﬂuorescence intensities of calcein were mea-
sured using an FP-6500 spectroﬂuorometer (JASCO, Tokyo Japan),
with an excitation wavelength of 490 nm and an emission wavelength
of 520 nm. To measure maximum ﬂuorescence, 20 μl of Triton ×100
was used to dissolve the vesicles. The percentage of dye leakage was
then calculated.
3. Results
3.1. Antimicrobial activity against S. aureus
The peptides were tested for antibacterial activity against S. aureus
where the minimum lethal concentration (MLC) was deﬁned as the
lowest peptide concentration at which growth was inhibited and no
bacterial regrowth was observed. Table 1 shows that when aurein
2.5 is directed against planktonic S. aureus, 30.3 μM induced 100%
cell death after 48h. However, modelin-5 under corresponding condi-
tions required 146.3 μM to generate an MLC.
3.2. Theoretical results
The mean bμH> and mean bH0> values were calculated from the
primary structures of aurein 2.5 and modelin-5 and were plotted on
the extended hydrophobic moment plot diagram. Fig. 1A shows that
both peptides are predicted to be active at a membrane interface
[30]. However, the data point for aurein 2.5 lies within the area
demarking segments that are candidate oblique orientated α-helices
and shows parallels to known oblique orientated α-helix forming
molecules such as aurein 1.2 [10]. It can be seen from the helical pro-
jections in Fig. 1B and C that there are a number of structural similar-
ities and also differences between the α-helices formed by aurein 2.5
and modelin-5. Each possesses a wide hydrophobic face, which is
consistent with their common function of membrane invasion. Each
α-helix also possesses a hydrophilic face but aurein 2.5 is rich in gly-
cine residues, a structural feature strongly associated with oblique
orientated α-helix formation. Both peptides are also cationic due to
the presence of lysine residues but modelin-5 exhibits a higher net
charge (+6) compared to aurein 2.5 (+1).
Fig. 1. Primary structure analysis of aurein 2.5 and modelin-5. (A) Extended hydrophobic moment plot analysis of aurein 2.5 and modelin-5. It can be seen that these data points lie
in the area predicting surface activity and aurein 2.5 lies in the shaded area, which identiﬁes candidates for oblique orientated α-helix formation. Fig. 2B and C shows the primary
structures of aurein 2.5 (B), modelin-5 (C), represented as two-dimensional axial projections. It can be seen that each peptide possesses a narrow hydrophilic face composed of
polar and charged residues (circled).
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Fig. 2 shows that in the presence of TFE both peptides show two
minima at 208 and 222 nm, which is characteristic of the presence
of an α-helical conformation. The helix content in 50% TFE was esti-
mated to be 61% for aurein 2.5, while the spectrum for modelin-5
showed 100% helix. Cationic antimicrobial peptides are known to
adopt an enhanced helical structure in the presence of a lipid mem-
brane environment. Therefore, CD experiments were undertaken in
the presence of vesicles composed of S. aureus lipid extract (Fig. 2B).
Aurein 2.5 exhibited helical content of 75% compared to modelin-5,
which was 51% helical. The helicity in TFE was therefore statistically
[T=−63.80; p=0.00] greater for modelin-5 but the reverse was
seen in the presence of vesicles with aurein 2.5 showing higher
helicity [T=239.00; p=0.00].
To assess the thermal stability and helicity of the peptides in a hy-
drophobic environment, peptides in 50% aqueous TFE were analyzed
using CD over a temperature range of 10 to 80 °C (Fig. 2C).
Modelin-5 in 50% TFE showed 100% α-helical structure at 10 °C and
although during temperature denaturation, the helical content de-
creased with increasing temperature (R2=0.99) it remained signiﬁ-
cantly α-helical (53%) even at 80 °C. A similar trend of decreasing
helicity with increasing temperature (R2=0.97) was also observed
for aurein 2.5 (60% to 30% helical) although in this case the level of
helicity was lower than in the case of modelin-5 and the reduction
in helicity occurred at a greater rate conﬁrming that modelin-5 was
the more stable of the two peptides [F1,15=25.13; p=0.00]. Once
the temperature denaturation was complete, the peptides were
brought back to 10 °C to verify that the folding was reversible and
the helical content went back to the starting percentage in both cases.3.4. Surface activity and monolayer analysis
The surface activities of the antimicrobial peptides aurein 2.5 and
modelin-5 were investigated at the air/buffer interface. Fig. 3A shows
that for both aurein 2.5 and modelin-5 peptides, the surface activity
depends on peptide concentration. It can be seen in Fig. 3A that at
an aurein 2.5 subphase concentration of 2 μM, saturation is achieved
and the peptide is highly surface active with a surface pressure in-
crease of 25.6 mN m−1. In the case of modelin-5 a subphase concen-
tration of 8 μM leads to saturation and again the peptide is highly
surface active with a surface pressure increase of 27.1 mN m−1. This
ﬁts with modelin-5 forming a highly amphiphilic and stable α-helix
at the phase boundary. However, at peptide concentrations below
4 μM aurein 2.5 is more surface active than modelin-5 [T=10.00;
p=0.01] implying a greater propensity for stabilization at an asym-
metric interface. The levels of surface activity seen for both aurein
2.5 and modelin-5 are characteristic of membrane interactive amphi-
philic peptides [20,31,32] and compression isotherm analysis showed
that both peptides are able to form stable monolayers (Fig. 3B) with
collapse surface pressures in the region of 26 mN m−1. Analysis of
compression isotherm data showed that aurein 2.5 exhibited an ex-
trapolated molecular area of circa 3.6 nm2 molecule−1 at zero mono-
layer surface pressure, which is consistent with aurein 2.5 adopting
an α-helical structure orientated horizontal to the monolayer surface
[9]. Similarly, the extrapolated area of circa 2.8 nm2 for modelin-5 indi-
cates that the peptide adopts anα-helical conformation orientated hor-
izontal to the air/water interface. However, aurein 2.5 exhibited a
molecular area of 1.72 nm2 molecule−1 at the collapse pressure,
which is consistent with the presence of α-helical structure orientated
perpendicular to the monolayer surface [33,34]. Similar orientations at
Fig. 2. Secondary structure of aurein 2.5 (black) and modelin-5 (grey). (A) In the pres-
ence of PBS. (B) In the presence of 50% TFE/PBS. (C) In the presence of S. aureus lipid
mix. (D) The effect of temperature on the levels of helicity of modelin-5 (grey) and
aurein 2.5 (black) in the presence of 50% TFE/PBS.
Fig. 3. Surface activity of aurein 2.5 (black) and modelin-5 (grey). (A) Both peptides
were found to be highly surface active. The peptide was introduced into a subphase
of a Langmuir Blodgett trough to give ﬁnal concentrations ranging between 1.0 and
5 μM. (B) Compression isotherms of modelin-5 (grey) and aurein 2.5 (black) on a
10 mM Tris pH 7 subphase.
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reported for the closely related α-helical tilt peptides maculatin 1.1
and citropin 1.1 [35] and thiswould imply that unlikemodelin-5, aurein
2.5 can re-orientate at an interface under appropriate conditions. Simi-
lar behavior has been reported for other highly lytic α-helical AMPs
such as melittin [36,37].
The interaction of aurein 2.5 and modelin-5 with bacterial cell
membrane mimics was studied using monolayers formed from bacte-
rial lipid extract (Fig. 4A). Experiments were performed at 4 μM sub-
phase concentration to ensure comparable surface activity. Theinsertion of aurein 2.5 into S. aureus lipid extract monolayers followed
hyperbolic kinetics, inducing surface pressure changes of 6.6±
0.3 mN m−1. These high levels of interaction are consistent with dis-
ruption of the monolayer acyl chain region. Modelin-5 also interacted
with S. aureus membranes and induced a surface pressure change
indicative of acyl chain interaction but this was lower at 5.3±
0.2 mN m−1. The stability of the monolayers can be further investi-
gated using the Gibbs free energy of mixing (ΔGmix) (Fig. 4B). Nega-
tive values of ΔGmix were observed for S. aureus lipid mix in the
absence of either peptide indicating that the monolayers were ther-
modynamically stable. However, in the presence of either aurein 2.5
or modelin-5, positive values of ΔGmix were observed indicating
that these membrane–peptide mixtures were thermodynamically un-
stable with aurein 2.5 generating greater instability in the S. aureus
membrane system than modelin-5. Furthermore, in the case of aurein
2.5, the level of destabilization was enhanced by increased surface
pressure.
To elucidate the characteristics of aurein 2.5 and modelin-5 mem-
brane interactions, the ability of the peptides to partition into lipid
monolayers formed from varying ratios of the major lipid compo-
nents of prokaryotic cells, DOPE and DOPG, was investigated
(Fig. 4C). Surface pressure changes induced in these monolayers by
the peptides showed an increase in surface pressure with increasing
levels of DOPG conﬁrming that both have a preference for anionic
lipid. However, higher levels of interaction were observed for aurein
2.5 across all DOPE:DOPG ratios [F1,12=29.08; p=0.00] and increas-
ing DOPG enhanced aurein 2.5 interaction at double the rate observed
for modelin-5, implying aurein 2.5 has a greater DOPG preference
even though it has a lower net positive charge.
Fig. 4.Monolayer interactions of modelin-5 and aurein 2.5. (A) Monolayer interactions
of modelin-5 (grey) aurein 2.5 (black) with lipid extract from S. aureus. (B) The Gibbs
free energy of mixing (ΔGmix) of S. aureus monolayers at varying surfaces in the ab-
sence of peptide (white), aurein 2.5 (black) and modelin-5 (grey). (C) The effect of
varying DOPE levels in monolayers on the levels of interaction shown by modelin-5
(✱) aurein 2.5 (×) with these monolayers.
Fig. 5. Binding and calcein lysis of modelin-5 (grey) and aurein 2.5 (black). (A) Incor-
poration of FPE into S. aureus lipid vesicles. Fluorescence intensity was recorded at
490 nm in the absence of peptide (dotted black). At 200 s 10 mM CaCl2 was added to
the system. After a further 200 s 3 μM A23157 ionophore was added. The experiment
was repeated in the presence of modelin-5 (grey) and aurein 2.5 (black). (B) Binding
coefﬁcient (Kd) for modelin-5 (grey) and aurein 2.5 (black) in the presence of varying
DOPE:DOPG ratios. (C) The effect of varying DOPG levels on percentage calcein leakage
in the presence of modelin-5 (grey) and aurein 2.5 (black).
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Since both peptides lack tryptophan residues, FPE, a ﬂuorescent
probe which has been extensively used to model peptide membrane
binding [29,38,39], was deployed to monitor their ability to bind to
model membranes. The incorporation of the FPE probe into S. aureus
lipid mix vesicles was checked using CaCl2 and calcimycin
(A23187). Fig. 5A shows that the addition of Ca2+ ions to a suspen-
sion of FPE S. aureus lipid mix vesicles increases the ﬂuorescence in-
tensity indicating that the probe is accessible in the external leaﬂet.
The addition of the ionophore, calcimycin (A23187), further in-
creased the ﬂuorescence intensity (Fig. 5A) as it enabled the Ca2+
to access the interior of the vesicle. The level of the probe localized
in the internal leaﬂet was comparable to that seen in previous stud-
ies [17,21]. The binding coefﬁcient showed that in the presence of
S. aureus membranes, the Kd value was 75.25 μM for aurein 2.5 and
117.72 μM for modelin-5, which is comparable to those observed forother synthetic antimicrobial peptides [40] but shows aurein 2.5 is
more effective with respect to binding. The binding experiments
were repeated in the presence of vesicles formed from varying
DOPE:DOPG ratios. Fig. 5B shows that at high DOPE, levels higher Kd
values are recorded (modelin-5, 14.7 μM and aurein 2.5, 13.6 μM)
with aurein 2.5 showing a statistically greater level of binding at all
concentrations [F1,7=315.92; p=0.00]. Interestingly, the difference
in binding between the two peptides remains constant at circa 2 μM
for all ratios tested implying that both peptides have similar depen-
dency on DOPG for binding.
In order to characterize the peptide–membrane interactions of
aurein 2.5 and modelin-5, the ability of the peptides to perturb
DOPE and DOPG lipid vesicles was investigated using a calcein release
assay. Fig. 5C shows that for DOPG vesicles modelin-5 caused 40.1±
0.1% leakage whereas aurein 2.5 caused signiﬁcantly higher leakage
71.3±0.3%. In the presence of DOPE, a lower percentage leakage
was observed for modelin-5 (31.7±0.6%) and aurein 2.5 (38.3±
1.0%). Fig. 5C shows that as the level of DOPG increases, the level of
lysis increases for both peptides. Statistical analysis showed that
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compared to modelin-5 [F1,11=8.08; p=0.02] across the range of
DOPE:DOPG ratios tested. Interestingly, aurein 2.5 is only circa 5%
more effective than modelin-5 in the presence of low levels of
DOPG but this increases to circa 30% greater lysis at high DOPG con-
centrations implying aurein 2.5 efﬁcacy has a greater dependency
on DOPG than that of modelin-5.4. Discussion
The ability of AMPs to interact with microbial membranes is de-
pendent not only upon the peptide characteristics but also upon
the membrane surface of the target organism [41]. Such variation
can affect binding due to differences in the outer microbial cell
membrane composition and for example, LPS can inhibit AMP ac-
cess to the interior due to variations in both the densely packed ol-
igosaccharide core and the hydrophilic hydrocarbon chain region
[3]. Once passed this outer barrier there are other factors which
can affect the binding and insertion of an AMP which include the
phospholipid composition, or physical constraints such as the hy-
drophobic thickness of the bilayer [42]. However, regardless of the
mechanism of membrane interaction, the initial steps after over-
coming the outer membrane barrier involve membrane association
followed by helix formation (Fig. 6). It is generally accepted that
the initial stages of docking of AMPs onto the membrane involve
the targeting and binding of microbial and tumor cells via electro-
static interactions between the cationic regions possessed by these
peptides and the negatively charge moieties occurring in mem-
branes of these target cells [31]. Once associated with the mem-
brane, the peptide might dissociate or form a stable secondary
structure prior to membrane penetration (Fig. 6). Greater helical
stability would therefore support local concentration of the peptide
by driving the process towards insertion rather than dissociation
and so drive lysis (20).
The greater net charge on modelin-5 (+6) compared to aurein 2.5
(+1) would therefore be predicted to enhance membrane association
and since modelin-5 showed high levels of helicity in TFE and was
also thermodynamically more stable compared to aurein 2.5. These
characteristics would be predicted enhance concentration of the pep-
tide at themembrane interface and so improve efﬁcacy. This prediction
is in contrast to the experimental data where the binding coefﬁcient for
aurein 2.5 in the presence of S. aureusmembranes (Kd=75.25 μM)was
lower than that for modelin-5 (Kd=117.72 μM) indicating that aurein
2.5 binds more effectively to the membrane. This is supported by the
CD analysis which shows that in the presence of lipid aurein 2.5 possesses
greater helicity, which would indicate that in contrast to expectation, it is
more concentrated at the asymmetric boundary than modelin-5. Indeed,
the monolayer data also show greater increased surface pressure in the
presence of aurein 2.5 compared to modelin-5 (Fig. 4C).Fig. 6. Schematic illustration of an AMP interacting with the membrane adapted from Denni
strongly with anionic bacterial membranes. Modelin-5 is able to form a more stable helix at
ing the process towards lysis. Aurein 2.5 has lower net charge but is able to increase efﬁcacy
and so overcoming the lower levels of electrostatic attraction. Furthermore, the oblique orie
match.Epand [43] observed that peptide binding and partitioning into
the membrane was affected by the ability of surface-active AMPs
to alter the lipid polymorphism of a membrane. This was depen-
dent on a number of factors, for example the peptide's physico-
chemical characteristics such as charge and amphiphilicity. There
was also evidence to show that hydrophobicity determines the
level of membrane partitioning. Fig. 7 shows that modelin-5 has
a large hydrophobic surface which would allow the peptide to
penetrate deep into the membrane but horizontal to the plane
and indeed previous studies [21] have shown that modelin-5 ori-
entates horizontally to the air/water interface and is comparable
to other AMPs, which may utilize a carpet or toroidal pore type
mechanism. More recently, the concept of membrane perturbation
potential (MPP) has been used to show that the ability of the pep-
tide to disrupt bilayers is driven by the peptide's overall architec-
ture [44]. The most membrane active peptide structures contain
hydrophobic grooves which are bordered by positive charges
with negative charges in the middle of the hydrophilic face [44].
It has been shown that in this case the initial stages of association
(Fig. 7) are driven by amphiphilicity and are dependent on hydro-
phobic grooves on the helix surface to drive activity [32]. In con-
trast to modelin-5, aurein 2.5 exhibits a hydrophobic groove
bordered by positive and negative charges in the hydrophilic face
(Fig. 7) characteristic of these lipid binding domains. This structur-
al arrangement is suitable for docking onto anionic lipid and the
presence of aromatic residues such as phenylalanine would enable
the peptide to anchor more effectively onto the membrane. These
hydrophobic grooves are important for lipid binding and drive
lipid reorganization in the bacterial membrane [44], which is key
to antimicrobial activity. We would, therefore, suggest that it is
this architecture that provides the enhanced level of binding in
the case of aurein 2.5 compared to modelin-5. It is worth noting
that previous studies have shown that during the binding of am-
phiphilic peptides to lipid systems co-operative effects can be in-
volved in stabilizing both the hydrophobic and hydrophilic parts
of the peptide-membrane interactions and this would be important
for the groove efﬁcacy. Given that at all DOPG:DOPE ratios tested
aurein 2.5 showed an enhanced Kd of circa 2 μM this feature is
clearly able to compensate for the relatively low net charge by sta-
bilizing the helix at the interface and driving the peptide towards
insertion (Fig. 6).
The ﬁnal step after helix formation is thought to involve membrane
penetration. Analysis of the thermodynamics of themembrane gives an
insight into the relationship between the peptide and packing charac-
teristics of the membrane. In the absence of peptide, S. aureus mem-
branes were thermodynamically stable (ΔGmix>0, Fig. 4B). However,
in presence of peptide, although both peptides had a destabilizing effect
on the bacterial S. aureus lipid monolayers (ΔGmixb0), aurein 2.5 had a
greater thermodynamically destabilizing effect. In support of these data,
monolayer interaction of the peptides with S. aureus lipid extractson and Phoenix [21]. Modelin-5 has a high net positive charge and will associate more
the membrane interface, hence supporting local concentration of the peptide and driv-
by enhancing membrane association via use of a groove structure so enhancing binding
ntation enables deep membrane penetration and destabilization of the bilayer by mis-
Fig. 7. Potential surfaces of peptide aurein 2.5 (A) and modelin-5 (B) and aurein 2.2 (C). Hydrophobic grooves can be seen in (A) and (C) bordered by the positively charged amino
acid residues. Blue indicates basic residues, red, acidic residues and white hydrophobic and neutral residues.
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sistentwith penetration of the acyl chain region, butweaker insertion of
modelin-5 (5.3 mNm−1). Dennison et al. [9] investigated the use of
oblique orientated α-helices in the mechanism of membrane invasion
for antimicrobial peptides and proposed that the lysine residues may
assist α-helix orientation by use of the snorkelling mechanism.
According to this snorkelling mechanism, the α-carbons of lysine resi-
dues are able to reside in the membrane core region, their long alkyl
side-chains extended, allowing the positively charged moieties of
these residues to engage in electrostatic interactions with the lipid
headgroup region [45]. This orientation of the peptide at themembrane
interface leads to headgroups being pushed aside by the peptide there-
by forcing a gap in the hydrophobic region leading to hydrophobic pos-
itive mismatch, which leads to breakdown of the membrane [46]. It is
clear from other researchers [16] that the degree of the ‘tilt’ is dominat-
ed by positivemismatch and that negative mismatch is due to the pres-
ence of snorkelling lysine residues leading to a curvature around the
peptide in the bilayer. This mechanism would lead, therefore, to mem-
brane destabilization at relatively low peptide concentrations in con-
trast to the carpet mechanism where local concentration has to build
up to a threshold concentration before an effect is seen. The ability of
the aurein 2.5 peptide to ﬂip orientation between the horizontal and
perpendicular at the interface (Fig. 6) would be an indicator of how
the balance of amphiphilicity along the helical long axis is able to
drive angled penetration. This oblique arrangement is also associated
with the activity of other amphiphilic antimicrobial peptides, such as
aurein 1.2 which has been shown to insert into the membrane using
oblique orientation where the peptide penetrates the membrane at a
shallow angle between 30° and 60°, resulting in membrane destabiliza-
tion [10]. Interestingly, while aurein 2.5 shows binding efﬁciencywhich
is considerably greater thanmodelin-5, this difference remains constant
(Fig. 5B). In contrast, the calcein release assay shows that as DOPG in-
creases, the level of aurein 2.5 efﬁcacy increases at a greater rate than
that of modelin-5. This is conﬁrmed by the monolayer data which
shows DOPG enhances aurein 2.5 insertion into monolayer to a greater
extent than modelin-5 and the thermodynamic data which shows that
increasing DOPG signiﬁcantly increase the destabilizing effect of aurein
2.5 compared tomodelin-5where the impact is limited. Hence, increas-
ing DOPG caused increased lysis in the presence of aurein 2.5 compared
tomodelin-5 and if not driven by enhanced binding this increase in rel-
ative efﬁcacymust be driven by the increased efﬁciency of the tiltmech-
anism in driving membrane disruption.5. Conclusion
In conclusion, although aurein 2.5 is able to form a less stable helix
than modelin-5 and has lower net charge (Fig. 2) through the groove
within its molecular architecture, it is able to form stable associations
with S. aureus membranes. This association, coupled to the distribu-
tion of hydrophobicity along the long axis, enables the peptide to
penetrate deep into the membrane so disrupting lipid integrity and
causing lysis. This combination of lipid association via the groove
and effective membrane destabilization by angled penetration into
the bilayer core increases efﬁcacy of aurein 2.5 enabling it to out-
perform modelin-5 even though this latter peptide is more highly
charged and forms a more stable amphiphilic helix (Fig. 6). At high
DOPG concentration, the tilt orientation provides a signiﬁcantly
more efﬁcient mechanism of lysis compared to the carpet or toroidal
pore option.
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